The aim of this work is to relate the cutting edge quality parameters (responses) namely: upper kerf, lower kerf, ratio of the upper kerf to lower kerf and cut edge roughness to the process parameters considered in this research and to find out the optimal cutting conditions. The process factors implemented in this research are: laser power, cutting speed and focal point position. Design of experiment (DoE) was used by implementing Box-Behnken design to achieve better cut qualities within existing resources. Mathematical models were developed to establish the relationship between the process parameters and the edge quality parameters. Also, the effects of process parameters on each response were determine. Then, a numerical optimization was performed to find out the optimal process setting at which the quality features are at their desired values. The effect of each factor on the responses was established and the optimal cutting conditions were found.
characterizations that UHMWPE has tolerated it to be utilized in many applications for example, it is been in clinical applications for over 40 years as a successful biomaterial for use in hip, knee, and most recently (since the 1980s), for spine implants [3] .
Laser cutting process parameters have been proven to have a major role on the quality features of the cutting edge as reported in [4] [5] [6] [7] [8] . Caiazzo et al. [4] have investigated the application of CO 2 laser cutting on three thermoplastics, polyethylene (PE), polypropylene (PP) and polycarbonate (PC) with different thicknesses. They have reported that, for all the three plastics, the high cutting speeds are not always synonymous with good process efficiency. However, for all the three polymers, cutting speeds have the highest effect on all quality of the cutting edge and they are higher than those of ferrous and nonferrous metals. Also, they concluded that the employment of powerful CO 2 laser is not necessary as couple of hundred Watts is enough to perform the cutting. A three dimensional model of laser cutting process of some plastics has been presented by Atanasov and Baeva [5] , with this model it is possible to determine the maximum cutting speed as a function of substrate thickness or laser power. Choudhury and Shirley [6] have investigated CO 2 laser cutting of three polymeric materials (PP), (PC) and Polymethyl-methacrylate (PMMA). They reported that the quality of the cut in case of PMMA is much better than those of PP and PC. It was found that the roughness is inversely proportions to laser power, cutting speed and compressed air pressure. However, they mentioned that cutting speed and compressed air pressure have more significant effect on the roughness than the effect of laser power. A preliminary study has been presented by Davim et al [7] to evaluate the effect of the processing parameters on the quality of the cut for several polymeric materials. It was evident that the Heat-affected zone (HAZ) increases with the increase in laser power but it decreases with increase in the cutting speed. Also, they found that the workability of the investigated materials is as follow: PMMA very high, PC high PP high/medium thermosets platics reinforced lower. Davim et al. [8] have evaluated the cutting quality of PMMA using CO 2 . They reported that HAZ increases with the laser power and decreases with the cutting speed. Also, they found that the surface roughness increases with a decrease in laser power and an increase in cutting speed. Kurt Et al. [9] have concluded that the cutting speed and laser power must be regulated and optimized in order to obtain the desired dimensions and also, to enhance the surface quality and roughness values. Many authors [10] [11] [12] have applied DOE to investigate the effect of the factors of a certain process on several outputs and to find the mathematical relationship in order to define the optimal conditions. In current work response surface methodology (RSM) was applied to build up mathematical relationships between the laser cutting process parameters, laser power, cutting speed and focal point position and the quality of the cut (responses) namely: upper kerf, lower kerf, ratio between upper kerf to lower kerf and surface roughness. Then, the effect of each laser cutting parameter on the responses can be identified through the verified mathematical models. Finally, the desirable and/or optimal cutting conditions can be found by using desirability approach and the developed models.
Design of Experiment
The experiment was designed based on a three level Box-Behnken design with full replication [13] . Laser power, cutting speed and focal point position are the laser beam cutting (LBC) process input parameters. Table 1 shows LBC parameters and experimental design levels used for the three thicknesses (6, 8 and 10mm) used in this study. RSM was applied to the experimental data using statistical software, Design-Expert V7. Second order polynomials were fitted to the experimental data to obtain the regression equations. The sequential F-test, lack-of-fit test and other adequacy measures were performed to select the best fit. A step-wise regression method was used to fit the second order polynomial Eq. 1 to the experimental data and to find the significant model terms [14, 15] . The same statistical software was used to generate the statistical and response plots as well as the optimization.
Experimental Work
UHMWPE, with the properties shown in Table 2 , in a sheet form was used as work piece material. The sheet dimensions were 500 x 500 mm with thicknesses of 6, 8 and 10 mm. Trial laser cut runs were performed by varying one of the process factors at-a-time to determine the range of each factor. Full cut, keeping the kerf width, cutting edge striations and dross to a minimum; were the criteria of selecting the working ranges. The main experiment was performed as per the design matrix in a random order to avoid any systematic error. A CW 1.5 kW CO 2 Rofin laser provided by Mechtronic Industries Ltd and a focusing lens with focal length of 127 mm were used to perform the cut. Compressed air was supplied coaxially as an assist gas with a constant pressure of 3 bar for 6 mm thick and 2 bar for 8 and 10 mm thick. The specimens were cut from the plate for each condition. The specimen shape was designed in order to allow the measurement of the responses in an accurate and easy way. The upper and lower kerf width 'responses' were measured using an optical microscope with digital micrometers attached to it with an accuracy of 0.001 mm, which allow measurement in X-axes and Y-axes. Average of five measurements of both kerf widths was recorded for all runs. The ratio of the upper kerf to the lower kerf was calculated for each run using the averaged data. Five surface roughness values of each specimen were measured at the centre of the cut surface using a surface roughness tester model TR-200 and an average was calculated for each specimen. The design matrix and the average measured responses are shown below in Tables   3-5 .
Results and Discussion

Analysis of Variance (ANOVA)
The test for significance of the regression models, test for significance on each model coefficients and the lack of fit test were carried out.
Step-wise regression method were selected to select the significant model terms automatically, the resultant ANOVA tables for the reduced quadratic models summarise the analysis of variance of each response and show the significant model terms. In this paper, there are twelve ANOVA tables which are too much to present, therefore, these tables were abstracted to show only the necessary information as shown in Table 6 .
The same table shows also the other adequacy measures R 2 , Adjusted R 2 and predicted R 2 . The entire adequacy measures are close to 1, which is in reasonable agreement and indicate adequate models. These adequacy measures are in good form as compared the similar ones obtained in [10] [11] [12] . 
Validation of the Developed Models
In order to verify the adequacy of the developed models, two confirmation experiments for each thickness were carried out using a new test conditions, these experiments are taken from the optimization results which are within the investigated range. Using the point prediction option in the software, all the responses values can be predicted by substituted these conditions into the previous developed models. Tables 7 presents the 
Effect of Process Factors on the Responses
Upper kerf
It is evident from Fig. 1 that the Focal point position has the major effect on the upper kerf and then the laser power and cutting speed. However, the upper kerf increases as the focal position and the cutting speed decreases while it increase as the laser power increases. In fact, this is due to that when a defocused beam is being used the laser power would spread on the surface onto a wider area, as the beam will become wider at the top of the specimen, causing the upper kerf to increase.
Also, when using slow cutting speed more heat would be introduced to the specimen and then more materials will be melted and ejected causing the upper kerf to increase. In the case of laser power 
Lower kerf
It is apparent from Fig. 3 that all the three factors have a major role on the lower kerf with the following order laser power, cutting speed and focal position. However, upper kerf increases as the laser power and focal increases while it decreases as the cutting speed increases. This is due to that when a defocused beam is being used the laser power would spread on the bottom surface onto a wider area, as the beam is becoming wider at the bottom of the specimen, causing the lower kerf to increase. Also, by using slow cutting speed more heat would be brought in to the specimen and then more materials will be melted and ejected causing the lower kerf to increase. In the case of laser power effect, the lower kerf would remarkably increase as the laser power increases due to the increase in the heat input following this raising in the beam power. and 27.32%. Fig. 4 contour plots presents the effect of cutting speed and laser power on the lower kerf for the three thicknesses.
Ratio of the upper kerf to the lower kerf
It is obvious from Fig. 5 that the focal point position has the key role on the ratio between the upper kerf to the lower kerf and then the laser power and cutting speed but with less effect. In the case of cutting speed effect, the ratio would increase as the cutting speed increases, this increase is higher for the thicker UHMWPE and becomes not notable for the thinner UHMWPE. The percentages of change in the ratio as a result of manipulating each factor from its lowest value to its highest value while keeping the other factors at their centre levels are as follows (the percentages are for 6 mm, [4] as the high cutting speeds are not at all times synonymous with good cutting efficiency.
Roughness
It is clear from Fig. 7 that all the three factors have a major effect on the roughness of the cut surface the same has been outlined in [4 and 6] . The results show that the roughness is inversely proportions to laser power which is in agreement with the results reported in [6 and 8] . Also, it was found that the roughness is proportions to cutting speed, which is in agreement with the result reported in [8] and disagrees with results reported in [6] . However, this disagreement may be due to the differences in the properties of the plastic material. In the case of focal point position, the roughness decreases as the focal position increases up to a certain point (when the focal position is approximately at half of the thickness) and then it starts to increase. Therefore, when the focal point is located at centre of the material to be cut, the roughness would be a minimum value given that all the other factors are at ( Fig. 8-b ) the roughness would be less as compared with the roughness values obtained using the same levels of laser power and cutting speed, but using F = -7 mm and F = -4 mm as in Fig. 8 a and c. In contrast, to meet the end-user's cutting requirements it is a compromising matter as to perform the cutting operation from a quality point of view or from cost point of view. Therefore, an optimization of the cutting process is essential.
Optimization
Actually, to plan and fabricate parts by laser cutting process and considering only the quality of the final cut surface sometimes this scenario has an influence on the cost of that part or vice versa. Also, laser power and cutting speed as well as focal point position have to be monitored and optimized to facilitate the desirable surface quality or kerfs dimensions, as reported by Kurt et al. [9] . Therefore, it's better to find out the optimal cutting conditions at which the desirable quality or cost saving of the cutting can be achieved. In fact, as the models have been developed and checked for their adequacy, optimization criteria can be set to find out the optimum cutting conditions. Hence, two optimization criteria have been introduced as in Table 8 for numerical optimization. The first one is to find out the optimal cutting conditions that would lead to the highest quality. On the other hand, the second criterion is to find out the optimal cutting conditions which would minimize the operating cost by minimizing the laser power and maximizing the cutting speed. The optimal solutions that fulfil these criteria for all thicknesses are presented in Tables 9-11 . Table 9 shows the optimal conditions of process factors and the correspondence responses values for both criteria for 6 mm UHMWPE. It is clear that to achieve high quality cut with predicted ratio as close as possible to one and Ra ≈ 1.743 μm, the laser power has to be between 1256.79 W and 1268.87 W, along with the slowest level of cutting speed of 1000 mm/min and focal point position of -3.24 mm have to be used. On the other hand, if reducing the operating cost is more important, it is verified that, the minimum laser power has to be applied with maximum cutting speed of 1750 mm/min and focal point position ranged from -2.51 to -1.5 mm have to be used. In comparison between the two criteria and with regard to the quality of the cut section, the cut section roughness for the first criterion is on average 44% smoother than the one of the second criterion, this improvement in the surface quality support the conclusion made by Kurt [9] . Although, the cutting cost is certainly higher in the first criterion as the laser power is higher along with slower cutting speed, but the quality of the cut section is better if the optimal factors combinations in the first criterion are used. Table 10 presents the optimal setting of process factors and the matching responses values for both criteria for 8 mm UHMWPE. It is obvious that to obtain the superior quality cut with predicted ratio as close as possible to one and Ra ≈ 1.853 μm, the laser power has to be between 1293.4 W and 1322.45 W with the slowest level of cutting speed of 800 mm/min and focal point position of -5.48 mm have to be applied. Alternatively, if the reduction in the cutting cost is essential, it is confirmed that, the minimum laser power of 900 W has to be applied with maximum cutting speed of 1400 mm/min and focal point position ranged from -4.74 mm to -3.43 mm have to be used. In contrast between the two criteria and with regard to the quality of the cut section, the cut section roughness for the first criterion is on average 33% smoother than the one of the second criterion, which is in agreement with Kurt [9] . Table 11 lists the optimal setting of process factors and the corresponding responses values for both criteria for 10 mm UHMWPE. It is apparent that to get the greatest quality cut with predicted ratio close to one and Ra ≈ 2.050 μm, the highest level of laser power of 1450 W has to used along with the slowest level of cutting speed of 700 mm/min and focal point position of around -6.31 mm have to be applied. Instead, if minimizing the cost is crucial, it is demonstrated that, the minimum laser power of 1100 W has to be used with maximum cutting speed of 1150 mm/min and focal point position ranged from -5.76 to -4.96 mm have to be used. In contrast between the two criteria and with reference to the quality of the cut section, the cut section roughness for the first criterion is on average 41% smoother than the one of the second criterion.
Optimization of 6 mm UHMWPE
Optimization of 8 mm UHMWPE
Optimization of 10 mm UHMWPE
Conclusions
The following conclusion can be drawn from this investigation within the factors limits and only applicable for experiment setup considered in this study and for the specified material:
1-All the investigated factors have a potential effect on the responses with different levels.
2-Cutting UHMWPE with laser cutting required high power ranged from 800 W to 1450 W depending on the material thickness.
3-The upper kerf decreases as the focal position and the cutting speed increase, and it increases as the laser power increases. The focal position has the major role on the upper kerf.
4-The lower kerf increases as the laser power and focal position increase, and it decreases as the cutting speed increases.
5-
The ratio decreases as the focal position and laser power increase, and it increases as the cutting speed increases. The focal position has the main effect on the ratio.
6-The roughness decreases as the focal point increases from its lowest level till its central level
and then it increases as the focal starts to increase above its central level. The roughness decreases as the laser power increases and it increases as the cutting speed increases.
7-Higher cutting speed does not always improve the efficiency of the laser cutting process. Upper kerf for 10 mm UHMWPE, mm Lower kerf for 10 mm UHMWPE, mm Interaction for 10 mm UHMWPE Table 1 : Process variables and experimental design levels. 
